Nanocomposites containing exchange-coupled magnetically hard and soft phases are desirable for permanent magnet applications. [1][2][3] [4] [5] [6] [7] [8] [9] [10] The intimate contact between the hard and soft phases renders the composites large coercivity, high magnetization, and enhanced energy product. To preserve the coercivity in the isotropic two-phase systems, the size of the soft magnetic grains should be of the order of 10 nm.
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SmCo 5 / Fe exchange-coupled nanocomposites represent an important class of high performance permanent magnetic materials with SmCo 5 offering large coercivity, high Curie temperature, and Fe providing high magnetic moment. [11] [12] [13] [14] [15] Such composites are normally made by physical methods, such as mechanical milling and sputtering. [16] [17] [18] [19] [20] Although the compositions of the composites are well controlled in these physical processes, the fabrications are either not reliable for making composites with the grain sizes in nanometer region, or have difficulties in producing large quantity of composites for applications as bulk nanocomposite magnets.
Here, we report that a simple chemical approach can be used to make SmCo 5 / Fe nanocomposites with controlled coercivity and enhanced magnetization. The synthesis is based on the precipitation of Sm and Co salts from their aqueous solutions with a base in the presence of monodisperse 21 were converted into hydrophilic ones by replacing the oleate and oleylamine with tetrabutyl ammonium hydroxide ͑Bu 4 NOH͒ following a procedure reported on surface modification of FePt nanoparticles. 22 The hydrophilic Fe 3 O 4 nanoparticles were then mixed with the aqueous solutions of SmCl 3 and CoCl 2 and were further precipitated out along with SmCohydroxide by adding the aqueous Bu 4 NOH to the mixture solution. The precipitate was then baked at 120°C to convert the hydroxide into oxide and to embed the Fe 3 O 4 nanoparticles into the Sm-Co-oxide matrix. The molar ratio of Sm/ Co/ Fe was controlled by the mass ratio of the precursor salts and Fe 3 O 4 nanoparticles. These composite nanoparticles can be used as starting precursor to make SmCo 5 / Fe nanocomposites.
The reductive annealing was performed in the presence of metallic calcium ͑Ca͒ and at high temperature Ͼ800°C. The composite nanomaterials were mixed with KCl and metal Ca. KCl ͑mp= 770°C͒ was used as a dispersion medium for the reactants to facilitate the complete reduction of Sm-Co-O and Fe 3 O 4 , and to prevent SmCo 5 or Fe from growing into large crystals in the high temperature annealing conditions. Among various annealing temperatures and times tested, 900°C for 1 h was found to be the optimum annealing condition to convert Sm-Co-O-Fe 3 O 4 into SmCo 5 /Fe x . The Sm/ Co/ Fe composition in the nanocomposites was analyzed by energy-disperse x-ray spectroscopy and inductively coupled plasma-atomic emission spectroscopy. SmCo 5 was obtained from the 1 / 4 Sm/ Co-salt mixture while the Fe fraction was carried over from the starting materials to the final product and, therefore, was readily tuned from x = 0 -2. 9 . Figure 1 shows the x-ray diffraction ͑XRD͒ patterns of the SmCo 5 /Fe x composites prepared from the reductive annealing. The crystal structure of the Sm-Co can be indexed with the standard SmCo 5 pattern,parameter from a = 0.49980 nm and c = 0.3965 nm for x =0 to a = 0.50080 nm and c = 0.39715 nm for x = 0.44. When the Fe content x is higher than 1.0, a rhombohedral Sm 2 Co 17 phase might also be present, as indicated by peaks at 36°and 38°. The single phased Fe is difficult to characterize in these diffraction patterns as its major ͑110͒ peak overlaps with the peak in Sm 2 Co 17 phase. The correlated SmCo 5 crystal size estimated from the ͑101͒ diffraction peak using Scherrer's formula is 29 nm.
The nanocrystalline feature of both SmCo 5 and Fe in the composites is characterized with transmission electron microscopy ͑TEM͒. Fig. 2͑b͒ . It can be seen that the sample consists of two different nanoscale domains, one with lattice fringe distance at 0.29 nm and another at 0.20 nm, corresponding to the ͑101͒ planes ͑interplane distance at 0.291 nm͒ in the hcp structured SmCo 5 and the ͑110͒ planes ͑interplane distance at 0.201 nm͒ in bcc-Fe.
Magnetic hysteresis measurements prove that SmCo 5 /Fe x ͑x =0-2.9͒ nanocomposites are ferromagnetic at room temperature. Incorporation of Fe particles into the SmCo 5 structure changes both coercivity ͑H c ͒ and magnetization of the composites. This can be readily seen in Fig. 3͑a͒ , where measured coercivity values and saturation magnetization ͑M s ͒ of the SmCo 5 Fe x composites depend on x. Here, the M s values were approximated from the magnetization curves measured under 7 T. It shows that an addition of a small amount of Fe increases the coercivity to the maximum of 11.6 kOe at x = 0.23. This is likely caused by the fact that the original Co content may be slightly lower than the nominal composition of 1:5 and the diffusion of Fe into SmCo 5 lattice occurs. Further increase of Fe content leads to either more diffusion or the formation of Fe grains and thus, the nearly monotonous decrease in coercivity and increase in magnetization. Figure 3͑b͒ shows the representative hysteresis loops of SmCo 5 and SmCo 5 /Fe 1.5 nanocomposites. It can be seen that the loop from the SmCo 5 /Fe 1.5 composites has a high remanent magnetization ͑M r ͒ compared to that from the SmCo 5 . This confirms that incorporation of the nanometer soft magnetic Fe phase into the hard SmCo 5 matrix can indeed achieve enhanced magnetization. Furthermore, all the hysteresis loops of the nanocomposites show single phase behaviors without any observable kinks. The remanence ratios of the hysteresis loops are larger than the value of 0.5 predicted for randomly oriented, noninteracting Stoner-Wohlfarth particles. 24 This further indicates the strong intergrain exchange coupling in the nanocrystalline SmCo 5 /Fe x magnets.
The exchange-coupled two-phase structure can be characterized by the recoil measurements of the nanocomposites. Figure 4͑a͒ is the recoil loops of the SmCo 5 /Fe 1 nanocomposites. It contains a series of slightly open and fairly steep minor loops, which implies a two-phase structure in the composites. 25 The ␦M-H measurements are used to verify the nature of the exchange coupling between the SmCo 5 and Fe phases. 
